. The phytoplankton community in the melting ice zone consisted of Phaeocystis sp., small flagellates (< 4 µm) and picoplankton, while diatoms were less abundant. Phaeocystis sp. contributed up to 15 g C m -2 to the carbon biomass (70% of total carbon measured), whereas the contribution of diatoms and flagellates to carbon biomass was relatively low, with up to 1.2 g C m -2 (5.7%) and up to 2.5 g C m -2 (11.7%), respectively. On the shelf the bloom starts at the very beginning of stabilisation (elevated N 2 values) which results solely from the release of meltwater. The locally restricted water stability leads to a patchy phytoplankton distribution in the Irminger Sea. 
INTRODUCTION
In many regions of the world oceans, phytoplankton bloom dynamics are dominated by the spring bloom, a period of rapid population growth that often begins as the water column becomes (thermally) stratified. These blooms vary in magnitude, timing, and duration both spatially and interannually, and are a characteristic feature of the open waters of the temperate North Atlantic (e.g. Heinrich 1962 , Savidge et al. 1992 , Harrison et al. 1993 , Waniek 2003 , as well as coastal and estuarine waters in temperate latitudes (Cloern 1996 and references therein).
Spatial inhomogeneities like frontal systems (Strass 1992 , Moore & Abbott 2002 , Read et al. 2002 , mesoscale features (Savidge et al. 1992 , Garçon et al. 2001 , coastal upwelling (e.g. Hutchings et al. 1995) and marginal ice zones (e.g. Lancelot et al. 1993 ) are characterised by elevated biomass and production of phytoplankton at the surface. Along the oceanic edges of continental shelves, relatively high phytoplankton stocks have often been observed, together with distinctive hydrographic fronts marking the surface boundary between low-salinity water over the shelf and saltier water over the slope (Le Fevre 1986) . It is now established that the spatial heterogeneity in phytoplankton ABSTRACT: The relationship between physical properties of the water column and spatial patchiness of phytoplankton spring bloom development on the Greenland shelf edge and in the Irminger Sea was investigated using data collected during a spring cruise (April and May 2002) . The observations confirm a strong relationship between the onset and stage of bloom development and the stratification induced by freshwater input to the surface layer in the shelf region. Interestingly, at the shelf, in the region influenced by melting of the seasonal ice-cover, the vertical distribution of chlorophyll a showed a subsurface maximum at ca. 25 m depth at several stations. Since nutrients were not exhausted at these stations, such a pattern does not conform to the general picture of a spring bloom. In contrast, in the open ocean part of the Irminger Sea pre-bloom conditions and a retarded development of the phytoplankton population were observed with low, more uniform distribution of chlorophyll a. The nitrate drawdown was estimated at between 16.5 and 270 µm m -2 (mean 108.6 ± 82.2 µm m -2 ) and the new primary production was estimated to be between 1.3 and 21.4 g C m -2 (8.6 ± 6.5 g C m distribution is associated with many processes on time scales ranging from seconds to months and covering spatial scales from millimetres to many hundreds of kilometres (Dickey 1988 , Garçon et al. 2001 , Read et al. 2002 , Martin 2003 and references therein).
In the northern hemisphere, the propagation of the spring bloom from south to north has been shown to be associated with surface warming as indicated by outcrops of the 12°C isotherm (Strass & Woods 1988) . However, according to satellite images of chlorophyll a in the northern North Atlantic, the spring bloom of algae occurs earliest in March to the north and south of Iceland and subsequently develops throughout the region simultaneously but patchily, rather than by progressive poleward shoaling of the seasonal pycnocline as occurs further to the south in the North Atlantic. The discontinuity between the bloom in the Arctic sector of the Atlantic open ocean and that of the Atlantic further south is important but largely unrecognised. Campbell & Aarup (1992) reported a very early bloom in the Arctic/Subarctic sector at 60 to 65°N of the Labrador Sea initiated at about the same time as the start of the bloom at about 35°N in the subtropical gyre.
The timing of the phytoplankton spring bloom is one of the crucial factors determining the length of the productive period, the annual primary production and how the phytoplankton blooming matches with the life cycle of grazers. Additionally, the phytoplankton bloom is one of the major determinants of the flow of carbon through the marine food web and may also influence the global climate by effecting the drawdown of CO 2 from the atmosphere to the deep ocean (Sarmiento & Toggweiler 1984 , Smith et al. 1991 , which is mediated via sedimentation of biogenic material (Deuser & Ross 1980 , Rice et al. 1986 , Honjo 1996 .
In the northern North Atlantic, blooms may be determined to an important extent by salinity-driven density stratification due to the freeze-melt cycle of sea ice and the modification of Atlantic water by lower salinity polar surface waters (Campbell & Aarup 1992) . Blooms initiated at the ice edge or in regions influenced by fresh water have been reported from other regions like the Bering Sea (e.g. Sukhanova et al. 1999 and references therein), the Norwegian Sea (Peinert 1986) , the Iceland Basin (Thordardottir 1986 ) and the Greenland Sea (Smith et al. 1991) . Various lines of evidence indicate that the marginal ice zone is a region of enhanced primary production owing to the formation of ice, the time of ice melting and the development of a shallow, vertically stable pycnocline (Thordardottir 1986 , Lancelot et al. 1993 , Strass & Nöthig 1996 .
The main aims of this paper are: (1) to present unique observations from the Greenland shelf in the Irminger Sea sector collected during the transition time from winter to spring in April/May 2002; (2) to emphasise the role of haline stratification for the timing of the phytoplankton bloom in this region; (3) to demonstrate that the heterogeneity of the chlorophyll a biomass and species composition are coherent with the differences in hydrographic conditions on the sub-mesoscale. Additionally, nitrate drawdown and the associated new primary production for the region is calculated and compared to early estimates for the polar regions. Finally, satellite measurements of surface chlorophyll a derived from SeaWiFS are used to place the field observations into a more general context and to assess the scale of interannual variability in this region.
MATERIALS AND METHODS
The physical factors controlling the zooplankton distribution in the Irminger Sea and Iceland Basin were investigated during 4 cruises as part of the 'Marine Productivity Programme', a UK contribution to international GLOBEC. Data from the spring cruise in April and May 2002 (Cruise D 262) were analysed, especially nutrients, chlorophyll a and the vertical distributions of temperature and salinity measured using a Sea Bird 911 CTD (Fig. 1) . The stations were occupied in the vicinity of melting pack ice and within the ice. Salinity data from the CTD were calibrated against discrete bottle samples to WOCE (World Ocean Circulation Experiment) standards (± 0.002). The vertical profiles of Brunt-Väisälä frequency squared (N 2 = -g /ρ · dρ /dz, where ρ = density, z = depth and g = the acceleration due to gravity), were used to describe the water column stabilisation.
Discrete samples for nutrient and chlorophyll a analysis were collected from Niskin bottles on the CTDrosette system. All nutrient samples were collected in new 40 ml diluvials and refrigerated at 4°C until analysis. Analysis of all samples took place within 12 h of the time of sampling (Sanders & Jickells 2000) . Concentrations of the dissolved inorganic nutrients nitrate and nitrite (hereafter nitrate) and silicate were measured on unfiltered water samples using a Scalar SanPlus segmented flow-autoanalyser based on the analytical methods of Kirkwood (1995) . Throughout each sample run, wash-and-drift standards were run every 10 to 15 min to enable baseline and drift corrections. Nutrient concentrations were calculated using calibration curves obtained from dilution of the in-house standards, analysis of OSI (Ocean Scientific International) nutrient standards, and measurement of a deep-ocean, bulk seawater standard. The precision of the nutrient measurements was estimated to be better than ± 0.18 µM for nitrate and ± 0.15 µM for silicate (1% for standard nitrate and 0.5% for silicate).
CTD fluorometer readings were converted to chlorophyll a concentrations by calibration against discrete bottle samples. Water samples were drawn into 5 l carboys. For the chlorophyll analysis, two 200 ml aliquots were filtered through Whatmann GF/F filters. The filters were placed in amber glass vials containing 90% acetone and stored in the dark for 24 h to extract chlorophyll a. Samples for chlorophyll a were warmed to room temperature before the fluorescence was measured using a Turner Design fluorometer (TD700). Chlorophyll standard solutions (Sigma) were used for calibration of the fluorometer prior to analysis of each set of samples. The chlorophyll concentrations were calculated from the absorbance measured at 750, 664, 647 and 630 nm in a Cecil spectrophotometer using the equations of Jeffrey & Humprey (1975) . Calibration of the CTD fluorometer was performed by calculating a linear fit between the bottle samples and CTD fluorometer readings. The CTD casts were split into on-and off-shelf sets for the calibration. The calibrations were as follow: chl a = 4.2506 + 0.0652 × fluorometer value, with r 2 = 0.71, σ = 0.33 at the shelf and chl a = -0.0022 + 3.9032 × fluorometer value (r 2 = 0.92, σ = 0.21) for the off-shelf stations. The standard deviation of the residuals after applying the calibration to the CTD fluorometer data was 0.2 mg m -3 (Fig. 2) . Phytoplankton samples were taken at the surface, at the chlorophyll maximum and at 100 m depth. Duplicates of 100 ml samples at each depth were preserved with 1% Lugol's solution and 2% buffered formalin.
The enumeration of taxa was done by inverted microscopy. Counts for individual species were converted to volume measurements of cells (Kovala & Larrance 1966 ) and then to cell carbon using the cell volume to carbon relationships given by Eppley et al. (1970) as described by Holligan et al. (1984) . Picoplankton samples were enumerated with at LEICA DMIRB microscope with a 1000 times magnification.
RESULTS

Vertical temperature, salinity and nutrient distributions
The vertical distributions (0 to 100 m) of temperature, salinity and nutrients (nitrate, silicate) differed between stations at the Greenland shelf and in the Irminger Sea (Figs. 1 & 3) . At Stns 14470, 14517, 14523 and 14532, a surface layer 10 m thick, with low salinity (minimum 33.11) was observed, because of the combined effects of cold sea-ice meltwater and fresh water of Arctic origin transported southwards by the East Greenland Coastal Current (EGCC) and East Greenland Current (EGC) along the continental margin. Below the freshwater layer the salinity showed a gentle increase to a salinity 1 higher than 35 at ca. 40 m depth. The freshwater layer was characterised by low temperatures between -2.00 and 2.00°C. At the other stations (14486, 14534, 14536 and 14544) a relatively deep mixed layer with uniform distribution of temperature (6°C) and salinity higher than 34.75 was found, indicating water originating in the Atlantic. Overall, the temperature profiles showed less vertical structure than salinity at all stations except Stns 14470 and 14517. Lower concentrations of nitrate and silicate were found at Stns 14532, 14517, 14470, 14523 and 14561, where a fresh and coolwater layer was found near the surface (Fig. 3A) . At Stn 14532, nitrate was nearly at the detection limit (0.13 µm) and silicate reached 5 µm, but generally the nutrient concentrations were well above limiting values (Fisher et al. 1988) . Surface nitrate and silicate concentrations were higher at Stns 14486, 14534, 14536 and 14544, with nitrate concentrations between 4.2 and 13.1 µm and silicate ranging from 4.7 to 7.4 µm (Figs. 3B,C & 4B).
Water-column stability
The hydrographic conditions in the water column indicated that some stations were characterised by a relatively deep mixed layer, but that others exhibited increased stratification in the upper 50 m with a fresh and cold, shallow pycnocline. Vertical profiles of the BruntVäisälä frequency squared (N 2 , for definition see 'Materials and methods') are a measure of the watercolumn stability. For the Barents Sea, Strass & Nöthig (1996) ) and weak stratification (low N 2 ) were found (Fig. 4) . At the shelf-break, however, large variations in nutrient and chlorophyll a concentrations showed the presence of different developmental stages of the spring bloom coupled to the water stability (Fig. 4) .
Nitrate removal and new primary production
The nitrate drawdown in the region was estimated as the difference between the observed nitrate concentrations at each depth and 14 µm nitrate (a typical winter surface concentration in this region as suggested by Glover & Brewer 1988) and then integrated over the top 100 m ( (Table 1 ). The nitrate drawdown was converted into the new primary production in this region using the Redfield ratio (Redfield et al. 1963) for C:N of 6.6 (Table 1) . The maximum new primary production of 21.4 g C m -2 was estimated for Stn 14532, which corresponds to 1.08 g C m -2 d -1 taking into account a 20 d period between the end of winter (midApril) and the measurements during the end of April and in early May. The average new primary production in this region was estimated to be 8.6 ± 6.5 g C m -2 for the 20 d period, corresponding to a mean daily production of 0.42 g C m -2 d -1 (Table 1) .
Chlorophyll a biomass and species composition
The maximum chlorophyll a biomass integrated over the upper 100 m was found at Stn 14532, with 528.3 mg m -2 . Stns 14561, 14470, 14517 and 14523 followed, with biomass levels ranging between 182.9 and 413.6 mg m -2 (Table 1 ). The remaining stations were characterised by much lower chlorophyll a biomass levels (42.7 to 76.9 mg m -2 ). In order to compare the different sampling sites, the ratio between the depth-integrated new primary production (PP) calculated from nitrate drawdown and depth integrated chlorophyll a biomass (B chl a ) was considered (Allen 1971). This PP:B chl a ratio depends on the species and on the assumption that the maximum potential rate of light-harvesting is a function of the chlorophyll a content of the cell, where the cellular chlorophyll content is controlled by the light received by the cell and nutrient availability. Therefore the PP:B chl a ratio indicates the efficiency of carbon fixation of the phytoplankton population, and the inverse of the ratio gives the amount of time it takes to replace the biomass of the population (Benke 1984). A high PP:B chl a ratio indicates that the phytoplankton populations are not significantly limited by nutrients or other factors and the carbon fixation rate is close to optimum under the prevailing environmental conditions. 50 Table 1 . Summary of environmental conditions and the biological characteristics investigated. For details of stratification see 'Results' and Fig. 4 . Chlorophyll a z=0 : chlorophyll a measured at ocean surface; Int. chl a: chlorophyll a integrated over 100 m depth; Nitrate drawdown: calculated as deficit between winter nitrate concentration of 14 µM (Glover & Brewer 1988 ) and observed nitrate concentration during the cruise integrated from surface to 100 m; New production: calculated using C:N ratio of 6.6; Daily production: primary production (PP) based on 20 d period from mid-April to early May; PP:B chl a : efficiency of carbon fixation; here B(biomass) chl a was recalculated as mg C d -1 using chlorophyll a:C ratio of 1:50; At Stn 14532, where high chlorophyll a concentrations were found near the surface and nitrate was near depletion, an efficiency ratio PP:B chl a of 0.8 d -1 was found, corresponding to a turnover rate of 1.3 d. Stn 14470 had a PP:B chl a ratio of 1.7 d -1 and a higher turnover rate of 0.6 d. Efficiency ratios and turnover rates in a similar range were also found at Stns 14536 and 14544, where lower chlorophyll a concentrations and stronger mixing occurred (low N 2 ). Nutrients were not depleted here either, suggesting a phytoplankton community well-adapted to the prevailing conditions (mixing regime and light climate). Low PP:B chl a ratios were found at the stratified stations (14523 and 14517), where a subsurface maximum was observed. Here the turnover rates were 1.7 and 2.0 d, respectively (Table 1) . However, at 100 m depth, slightly lower numbers of flagellates and picoplankton were found (Fig. 5A) ), whereas the contribution of diatoms and flagellates to carbon biomass was relatively low, with up to 1.2 g and 2.5 g C m -2 , respectively (Fig. 5B) 70% of the total carbon measured (integrated over 100 m), followed by flagellates (11.7%), picoplankton (9.7%) and diatoms (5.7%).
DISCUSSION
On the Greenland shelf, the spatial distribution of chlorophyll a concentration exhibited a close relationship with the N 2 distribution (Fig. 4) . High phytoplankton biomass was observed in the region, where according to Bacon et al. (2002) fresh water and meltwater is transported southwards by the East Greenland Coastal Current and East Greenland Current along the coast. Here the highest phytoplankton biomass coincided with the highest water-column stability (high N 2 ) because of the shallow pycnocline. The phytoplankton community was typical for blooms in high latitudes, with Phaeocystis sp., small flagellates (< 4 µm) and picoplankton (Rat'kowa & Wassmann 2002) , while diatoms were less abundant. Outside the high-stability region, pre-bloom conditions were observed and the phytoplankton community consisted almost exclusively of flagellates, dinoflagellates, picoplankton and diatoms.
Vertical chlorophyll a distribution
Interestingly, the haline stratification has an effect on the stability of the water column very early in the year in these latitudes. At some stations, the chlorophyll a had a subsurface maximum at ca. 25 m depth (Stns 14470, 14517 and 14523). Strass & Woods (1988) showed along a transect from the Azores (38°N) into the cyclonic sub-Arctic gyre at 54°N, that a chlorophyll a maximum descends approximately 10 m per month, leading to the conclusion that this bloom may have existed already for several weeks. Nutrient levels did not support this conclusion, since they were not exhausted at these stations. Therefore, such pattern does not conform to the general picture of a spring bloom, where typically deep chlorophyll maxima occur during the summer situations after nutrient exhaustion, or in nutrient-depleted waters in tropical regions.
The causes for such an early presence of a subsurface chlorophyll a maximum can only be speculated. It has been recognised that CTD fluorescence measurements can underestimate the true fluorescence under high irradiation at the sea surface due to photophysiological reduction of the fluorescence signal. However, the ); (B) carbon content of main spring phytoplankton groups on Greenland shelf integrated over top 100 m; inset shows contribution of each main group to total carbon measured in this region; 'others' includes ciliates, coccolithophorid, heterotrophic and phototrophic dinoflagellates. Station positions in Fig. 1 good correspondence between discrete chlorophyll a samples and the calibrated CTD fluorescence data precludes this possibility (Fig. 2) . It is possible that water with high chlorophyll a concentrations had been subducted and/or advected into the region leading to the observed patchy phytoplankton development. However, chlorophyll a concentrations up to 30 mg m -3 were not observed at the surface anywhere in this region during the cruise, making this scenario rather unlikely.
Several other biological and physical explanations have been suggested in the past for the formation of a subsurface chlorophyll maximum. One hypothesis is that an increase in biomass begins near the surface and subsequently sinks, and is observed as a subsurface maximum. A second hypothesis argues that the gradual decrease in turbulent mixing throughout the pycnocline coupled with the decline of light intensity slows down the exchange between the well-mixed surface layer and the layers below, and allows the growth and decay of the phytoplankton in the various layers to proceed relatively independently of one another. As the light decreases, the time for phytoplankton to grow, utilise nutrients and decay increases. Bienfang et al. (1983) , demonstrated that when a phytoplankton population characterised by the abundance of largecelled organisms in a shallow mixed layer with a well developed pycnocline experience changing light conditions, a reduction in sinking rates is the prime factor in the formation of the subsurface maximum. A final hypothesis is that grazing pressure by zooplankton is the major biological factor controlling phytoplankton development along a receding ice-edge (Smetacek et al. 1990 ). Castelani (2002) reported low numbers (<1000 ind. m ) at the stations in the open Irminger Sea. This coherence between the slightly higher numbers of nauplii individuals at the stations with increased chlorophyll a biomass may suggest a certain degree of grazing pressure. Irigoien et al. (2003) reported that the feeding efficiency of C. finmarchicus nauplii was highest on large cells (diatoms and ciliates); small flagellates were ingested with lower rates and Phaeocystis sp. was not ingested at all. However, an alternative hypothesis based on preferential feeding of Oithona spp. on microzooplankton (e.g. ciliates) and of Calanus spp. nauplii on ciliates and diatoms, and avoiding the Phaeocystis sp. is possible (Irigoien et al. 1998 (Irigoien et al. , 2000 . In this situation, the mesozooplankton is actually removing the predators of small flagellates and picoplankton and diatoms, the possible competitors of Phaeocystis sp.
There is no reason to believe that a shortage in nutrients might have caused the differences in the phytoplankton species composition in early spring in the region. Data from the open Irminger Sea and even from the Greenland shelf (in April and May) show that the concentrations were still relatively high and well above limitation levels, indicating that little biological removal had occurred (Figs. 3 & 4) . Although silicate and nitrate concentrations were high, the Phaeocystis sp. bloom coincided with that of small flagellates, picoplankton and diatoms. The Phaeocystis sp. dominated the population found between the surface and 50 m, probably because of its high buoyancy. Phaeocystis sp. is especially favoured by the increased stability of the water column in the shelf region, and is able to out-compete the diatoms and flagellates in competition for light and nutrients (Serret et al. 2001) . Tungaraza et al. (2003) reported for a Phaeocystis sp. dominated spring bloom in the North Sea that Phaeocystis had the ability to increase its ammonium uptake capacity when more ammonium became available. In contrast, diatoms failed to do so, after ammonium had exceeded their saturation concentration of >1 µM. Although reduced nitrogen has a negative effect on the uptake of nitrate, Phaeocystis sp. has more advantage than diatoms in the uptake of ammonium. Additionally, a light threshold of 100 W m -2 d -1 was found to trigger the rapid growth of Phaeocystis sp. (Peperzak et al. 1998) . The strong presence of flagellates in the upper 50 m reflects their ability to use their locomotory powers to position themselves at a depth of optimum nutrient and illumination levels. The abundance of diatoms was surprisingly low, especially at the stratified stations (high N 2 ), most probably because they flourish best under turbulent conditions that bring them back to the surface from time to time (Margalef 1978 , Holligan et al. 1984 , Cushing 1989 , Huisman et al. 1999 .
Overall, in this study, the subsurface chlorophyll maximum at the stations influenced by the melting of the seasonal ice-cover, is probably the result of the combined effect of the adaptation of different phytoplankton species to different environmental conditions, e.g. mixing regimes and subsequently different light climate, with some influence by zooplankton. This conclusion is also supported by the calculated efficiency ratio of carbon fixation and the turnover rates (Table 1) .
New primary production
In this study, an averaged new daily production for this region of 0.42 g C m -2 d -1 was estimated, which would lead to an annual primary production of 76 g C m -2 yr -1 assuming a productive period of 6 months. This annual new production is slightly higher than the annual new production calculated by Henson et al. (2003) of 60 g C m -2 yr -1 from the temperature-nitrate relationship and by Sanders & Brown (in press) of 50 g C m -2 yr -1 based on in situ measurements, but somewhat lower than the 100 g C m -2 yr -1 estimated by Falkowski et al. (1998) and Laws et al. (2000) based on CZCS and SeaWiFS data, respectively. This discrepancy may arise because (1) the approach used in this study depends on the assumed length of the productive season, and (2) the nitrate drawdown method may overestimate the new production (Koeve 2001) . It is worth comparing this new production with the estimates for other polar regions. For a phytoplankton bloom with strong presence of Phaeocystis sp. observed in the Greenland Sea in 1989, Smith et al. (1991) . For the Bransfield Strait a new daily production of 1.7 g C m -2 d -1 was reported (Karl et al. 1991) , and a production of 2 g C m -2 d -1
for the Bering Strait, the most productive region in the Arctic (Walsh et al. 1989) . Anderson et al. (2000) reported a new production for the Greenland Sea of 57 g C m -2 yr -1
, whereas the new production of iceedge phytoplankton blooms in the Southern Ocean was estimated as 50 g C m -2 yr -1 (Smith & Nelson 1990 ).
Both estimates are in the same order as the annual primary production of 76 g C m -2 yr -1 estimated in this study for the Greenland shelf in the Irminger Sea sector. However, the estimates presented for the daily and subsequently annual new primary production for the Greenland shelf have to be considered cautiously because (1) the calculations of daily new production are based on the assumption of a 20 d growth period (end of winter in mid-April to begin of May), (2) nitrate removal was calculated assuming a surface winter nitrate concentration of 14 µm (Glover & Brewer 1988) , (3) regenerated production was not taken into account, and (4) the populations consisted of Phaeocystis sp., which might not occur on a regular basis in this region.
Interannual variability
In the northern North Atlantic, stratification of the surface waters in spring will depend on (1) the offshore extension of freshwater and (2) the development of the thermocline, and may vary considerably from year to year. The satellite-derived surface chlorophyll a concentrations from SeaWiFS (1998 SeaWiFS ( to 2001 show that a slight increase in chlorophyll a concentrations of up to 1 to 3 mg m -3 regularly occurs as early as April in the Irminger Sea along the Greenland shelf (Fig. 6) , sug- gesting that such early patchy development of phytoplankton blooms in this region may not be unusual. In April and May along the Greenland shelf, the chlorophyll a concentrations derived from satellite reached up to 10 mg m -3 as the water column attained considerable stability due to fresh water dilution of the surface water, while in June there occurred a basin-wide development of high chlorophyll a concentrations due to formation of the seasonal thermocline. In contrast, in April and May (1998 to 2001) , the open Irminger Sea was always characterised by chlorophyll a concentrations below 1 mg m -3 (Fig. 6) . Thus, the shallow nearshore waters become stratified considerably earlier than the deeper more haline region in the central part of the Irminger Sea. On the shelf, the seasonal increase in temperature does not contribute to the onset of the vernal blooming. Temperature starts to contribute to the stratification later, followed by a basin-wide increase in chlorophyll a concentrations, as indicated by remote-sensing (Fig. 6) .
CONCLUSION
In the melting-ice zone of the Greenland shelf in the Irminger Sea, water-column stratification enhances phytoplankton development due to salinity and temperature gradients. The strong spatial coherence between the zone of increased water stability and the standing stock of phytoplankton is evidence of the close relationship between phytoplankton abundance and vertical stratification (Sverdrup 1953) . At the same time, the decrease in stratification outside the meltwater input in the open Irminger Sea allowed for more active mixing in the water column, resulting in a net transport of phytoplankton to greater depth and spatial limitation of the bloom's surface manifestation or clearly retarded development (Fig. 7) . The hydrography and the nutrient distribution as well as the chlorophyll a concentrations and phytoplankton species indicate that the conditions for the onset of the spring bloom and the development stages of the bloom are quite variable on the Greenland shelf in the Irminger Sea, and may considerably vary on the sub-mesoscale. Different adaptations to the physical regime together with grazing pressure on the phytoplankton community show variability at the same spatial scale and lead to the observed differences in the vertical chlorophyll a distribution. The different water bodies, their transport across the transect, together with the resulting variability in the timing of the spring bloom give rise to a rather patchy distribution of phytoplankton in this region, where contrasting bloom stages lie next to each other. Fig. 7 . Schematic presentation of spring bloom development on Greenland shelf and in open Irminger Sea. (A) On shelf, seasonal retreat of ice-cover leads to increased water stability prior to establishment of seasonal thermocline; during this time nutrient concentration declines and phytoplankton biomass increases, producing localised maximum; main phytoplankton bloom occurs when seasonal stratification is established. (B) In Irminger Sea, seasonal stratification is established later in the year because of increased solar radiation, and therefore spring bloom is delayed
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